Abstract: Being able to control polymorphism of a crystal is of great importance to many industries, including the pharmaceutical industry, since the crystal's structure determines significant physical properties of a material. While there are many conventional methods used to control the final crystal structure that comes out of a crystallization unit, these methods fail to go beyond a few known structures that are kinetically accessible. Recent studies have shown that externally applied fields have the potential to effectively control polymorphism and to extend the set of observable polymorphs that are not accessible through conventional methods. This computational study focuses on the application of high-intensity dc electric fields (e-fields) to induce solid-state transformation of glycine crystals to obtain new polymorphs that have not been observed via experiments. Through molecular dynamics simulations of solid-state α-, β-, and γ-glycine crystals, it has been shown that the new polymorphs sustain their structures within 125 ns after the electric field has been turned off. It was also demonstrated that strength and direction of the electric field and the initial structure of the crystal are parameters that affect the resulting polymorph. Our results showed that application of high-intensity dc electric fields on solid-state crystals can be an effective crystal structure control method for the exploration of new crystal structures of known materials and to extend the range of physical properties a material can have.
Introduction
A solid material's physical properties, such as dissolution rate, shelf life, nucleation rate, growth rate, and solubility are closely related to its crystal structure. Among these properties, solubility and dissolution rate are directly related to the bioavailability of a drug. A prominent example of polymorphism influencing the bioavailability of an active pharmaceutical ingredient is the antiretroviral drug, ritonavir. Shortly after its release in 1998, it was found that a more stable, less soluble crystalline phase was crystallizing as a result of the manufacturing process. This led to withdrawal of the pharmaceutical from the market until the product was reformulated with the most stable polymorph. Thus, being able to control the resulting structure of crystals is of extreme importance for many industries, including the pharmaceutical industry. Conventional control methods, such as seeding [1, 2] and solvent control [3, 4] are effective in achieving the desired polymorph, but fail to go beyond a few polymorphs with the lowest energies that are kinetically accessible. However, there are 230 different space groups that molecules can be arranged in, and being able to explore these structures with the help of novel methods can drastically extend the range of physical properties a material can have. Recent studies have shown that externally applied fields have the potential to effectively control polymorphism and to extend the set of observable polymorphs that is not accessible through conventional methods, by altering the molecular Hamiltonian [5] [6] [7] .
External application of electric fields is regarded as a promising new method for polymorph control. Application of an electric field induces collective alignment of dipoles, which alters the thermodynamics and kinetics of accessible crystallization paths. A static electric field perturbs the system's Hamiltonian H by an additional term H e that accounts for the presence of the electric field. This addition is defined as follows:
where µ tot is the total dipole vector and E is the electric field vector. Computational studies have confirmed the inducing effect of an electric field on the nucleation of water [8, 9] . More interestingly, formation of a new quartz-like polymorph of ice that has never been observed before upon crystallization under the static electric field [10] has been reported. Similar results showing the formation of new polymorphs were obtained experimentally with coronene in the presence of magnetic fields [6] and vinyl-PC in the presence of the dc electric field [5] . The effect of externally applied electric fields on crystallization from solution was observed experimentally through a set of studies by Garetz et al., where supersaturated solutions of urea [11] , glycine [12, 13] , lyzosyme [14] , and L-histidine [15] were subjected to laser pulses. It was observed that the laser pulses induced nucleation from these supersaturated solutions, a phenomenon called non-photochemical laser-induced nucleation (NPLIN). It is hypothesized that the oscillating electric field caused by the laser aligned the dipole moments of the molecules, which facilitated their alignment into the crystal structure [11] . More interestingly, it was reported that different polymorphs of glycine could crystallize under different polarizations of light [16] . This shows that externally applied electric fields have the potential to control the resulting polymorph and even create new polymorphs of some substances. In light of these findings, Parks et al. used MD simulations to study the effect of e-fields of varying strengths on the structure and dissolution/growth rate of glycine and paracetamol nanocrystals [7, 17] . They observed that the applied electric field led to solid-state transformation of the nanocrystals into a new polymorph that has not been observed before. However, the new polymorphs were not stable after the electric field had been turned off.
It is known that it is much more difficult for structural transformations to take place in solid-state compared to solvent-mediated transformation due to a significant kinetic barrier [18] . Moreover, according to Paul and Curtin's theory on the steps that must occur for a solid-state transformation, the process of conversion from one solid-state to another starts at the defect sites [19] , which are disordered and have higher energy. Since a nanocrystal in solvent is confined in a layer of high-energy surface molecules, it is hypothesized that the solid-state transformation of the glycine nanocrystals in the aforementioned study by Parks et al. [17] starts at the surface molecules and proceeds from there until the nanocrystal is transformed back to its original structure. The high surface area-to-volume ratio of the nanocrystals in solution is viewed as the main element driving the instability in the absence of the field. Consequently, this study aims to test this hypothesis by simulating solid-state crystals of the known polymorphs of glycine (α-, β-, and γ-glycine) under a high-intensity dc electric field, and monitoring any crystal structure changes during and after the application of the electric field. Moreover, it is aimed at observing the effect of various operational parameters, such as strength and direction of the electric field on the emerging crystal structure. Although the effect of externally applied electric fields on the structural and electronic properties of energetic materials [20, 21] has been studied before, to the best of our knowledge, there have been no studies regarding solid-state transformations of organic materials upon the application of an electric field.
Methods

Simulation Details
All molecular dynamics simulations were done using GROMACS 2016.5 [22] . For simulations of glycine crystals, the Generalized Amber Force Field [23] was used with CNDO point charges, since this force field/point charges combination has been shown to accurately reproduce the physical properties of glycine systems [24] . α-, β-, and γ-polymorphs of glycine were subjected to varying intensities of electric fields, and the structural changes of the crystals were observed via molecular dynamics simulations. The unit cell structures of the three polymorphs of glycine were taken from the database of CCDC [25] [26] [27] (Figure 1) , and the unit cells were replicated in x, y, and z directions to create the super-cell structures. Periodic boundary conditions were applied, so no surface effects were present. The crystal super-cells of α-, β-, and γ-glycine contained 2000, 1980, and 1920 glycine molecules, respectively. The crystal slabs were subjected to energy minimization with the steepest descent minimization algorithm, with an energy minimization tolerance of 100.0 kJ/mol/nm, followed by NVT and NPT equilibrations, respectively. The temperature was fixed at 298 K and the pressure was set to 1 bar in all simulations. Modified Berendsen coupling, which contains an additional stochastic term to ensure that a canonical ensemble is generated [28] , was used for temperature coupling with a time constant of 0.1 ps. To set the pressure to its desired value, anisotropic pressure coupling was applied due to the inherent anisotropy of the crystals, using Berendsen pressure coupling [29] with a time constant of 2.0 ps. For physical property calculations, isotropic Parrinello-Rahman pressure coupling [30] was used, following equilibration with Berendsen pressure coupling. Isothermal compressibility of water, which is 4.5 × 10 −5 bar −1 , was taken as an estimate for the thermal compressibility [31] . Prior to 4 ns of anisotropic pressure equilibration, the pressure was equilibrated isotropically for 4 ns to avoid extreme deformation of the simulation box. After equilibration, production runs with electric field were run for 5 ns, and the results were analyzed. Short-range non-bonded and electrostatic forces were truncated at 1.4 nm. The particle mesh Ewald summation algorithm was employed for calculation of long-range electrostatic forces, with an interpolation order of 4 and a Fourier spacing of 0.12 nm. The equations of motion were integrated using the Verlet leap-frog integrator with a time step of 2 fs. Bond constraints were applied to all bonds using the LINCS algorithm with an order of 4, and the number of iterations to correct for rotational lengthening was set as 1. A parametric study was done to observe the effects of the initial structure of the crystals, as well as the direction and strength of the electric field. The conditions of the simulations are summarized in Table 1 . Table 1 . Summary of the parameters that were tested in the simulations. The values in parentheses correspond to the number of molecules in the crystals used in the simulations.
Parameter Value
Initial 
Analysis Methods
Dipole Alignment Analysis
Alignment of the molecules within the crystal with the direction of the electric field can be quantified by calculating < cos(θ) >, cosine of the angle between the dipole moments of the molecules and the direction of the electric field (θ) averaged over the number of molecules in the crystal. Equation (2) was used to calculate the dipole moment of a single molecule:
where the summation is over the N atoms in the molecule, q i is the charge of the ith atom, and r i is the position of the ith atom. The magnitude of the dipole moment of the glycine zwitterion was calculated to be 10.97 D.
Crystal Structure Analysis
To characterize the new polymorphs that were obtained upon application of the e-field, two vectors were defined within the glycine molecule: V 1 , defined as the vector connecting the two carbon atoms (see C and CA in Figure 2 ), and V 2 , defined as the vector connecting the carbon and nitrogen atoms (CA and N in Figure 2 ). Then, for each vector, the distribution of the dihedral angle between the vector of a glycine molecule in the crystal and those of the neighboring molecules were calculated (φ 1 and φ 2 for V 1 and V 2 , respectively). This provided us with two order parameters that enabled a comparison between different crystal structures. Order parameters of this type have been used in the literature to differentiate between crystal structures [32] . To see whether these two order parameters are sufficient to distinguish between polymorphs of glycine, the angle distributions for the known polymorphs of glycine have been plotted in Figure 3 . Distributions of φ 1 angles for α-and β-glycine crystals can be seen to peak at around 0 • and 180 • , whereas there is a single peak around 0 • for γ-glycine, which is consistent with the experimental structures. The distinction between α-and β-glycine structures is visible when the distribution of φ 2 is observed. Distribution of φ 2 angles peaks at around 0 • and 180 • for α-glycine, which shows that molecules are packed in α-glycine such that their CA-N axes are aligned parallel and anti-parallel to each other. On the other hand, for β-glycine, the φ 2 angle mainly peaks at around 0 • , with an additional wider and shorter peak around ∼150 • . Although the molecules are packed similarly in α-and β-glycine crystals, a slight difference can be observed in the distribution of φ 2 , which shows that relative orientations of the molecules in β-glycine fluctuate more freely compared to those in the α-glycine. The peak at around −120 • for γ-glycine is consistent with the experimentally observed helical chain structure around a three-fold screw axis [33] .
Results and Discussion
The change in < cos(θ) > with time upon application of the e-field on an initially α-glycine crystal in the y-direction at varying e-field strengths is plotted in Figure 4 . A rapid increase in < cos(θ) > is observed immediately after the e-field is applied in all cases. This increase is the result of a solid-state transition into a new polymorph, in which the molecules are rotated such that their dipole moments are aligned with the e-field. To observe the extent of the change in crystal structure with the application of an e-field, distributions of φ 1 and φ 2 are plotted for the crystals obtained at different strengths in Figure 5 . The angle distributions show that completely new crystal structures have been obtained from the initial α-glycine structure in the cases of V = 1.0 and 1.50 V/nm. However, when the e-field is applied with a strength of 0.5 V/nm, the resulting crystal structure is very similar to the initial structure: The only difference is that the left tail of the peak of φ 2 around 180 • is longer for the crystal obtained upon application of the e-field ( Figure 5 (Right) ). This shows that the crystal does not actually undergo a transformation under the low-intensity e-field, but the e-field causes some molecules to fluctuate more towards the direction of the e-field, causing the slight increase in the < cos(θ) > observed in Figure 4 . Since a solid-state transformation does not take place, the increase in < cos(θ) > occurs very rapidly. For strengths between 0.25 and 0.75 V/nm, the increase in < cos(θ) > finalizes within the first 50 ps, whereas the transition into a high-order parameter (in the case of V = 1.0-1.5 V/nm) takes more time to complete. The time required for the crystal to take its final structure was found to be 100 ps, 150 ps, and 250 ps for the strengths of 1.5 V/nm, 1.25 V/nm, and 1.0 V/nm, respectively. As mentioned in Section 1, it is expected that the solid-state crystals of the new polymorphs obtained upon application of e-field will not undergo a transition after the e-field is turned off, as opposed to the nanocrystals in solution reported in [17] , since there are no high-energy surface molecules. To test whether or not the new polymorphs will sustain their structures after the e-field is turned off, the crystals obtained after the application of e-field were simulated for an additional 125 ns without an e-field. Figure 6 shows the < cos(θ) > against time during and after the application of an e-field with different strengths on an initially α-glycine crystal. For the high-intensity cases (V = 1.0 V/nm and V = 1.5 V/nm), it can be observed that no change in the alignment of molecules with the direction of the e-field took place even 125 ns after the e-field had been turned off, which is 25 times the duration of the e-field application. This shows that the e-field caused a solid-state transformation that led to metastable new crystal structures when applied to solid single crystals of glycine, whereas glycine nanocrystals in solution subjected to e-field were reported to lose their structure within 5 ns after the field had been turned off [17] . With the absence of highly mobile surface molecules in the solid-state, there exists a high kinetic barrier for a subsequent change in structure. In the case of V = 0.5 V/nm, on the other hand, a slight increase in < cos(θ) > (∼ 0.1) is observed upon application of e-field, which rapidly goes back to zero after the e-field is turned off. As discussed earlier, the change in < cos(θ) > does not correspond to a transformation in the crystal structure, but is attributed to the favored fluctuations of the molecules toward the direction of the e-field. Thus, < cos(θ) > quickly goes back to zero when the e-field is turned off. 
E-field direction
Effect of Initial Crystal Structure
The influence of the initial structure on the resulting crystal structure upon application of e-field was studied by subjecting the three known polymorphs of glycine to an e-field. A brief introduction to the structures of the initial polymorphs is deemed necessary to understand the responses of these polymorphs to the e-field. α-and β-glycine have similar structures in the sense that they are both monoclinic and packed in hydrogen-bonded layers that are formed from centrosymmetric dimers. These layers, extending along the ac-plane, which corresponds to the xz-plane in this study, have the same configuration in both forms [33] . The difference between the two stems from the hydrogen bonds between the layers extending along the b-direction of the unit cell [33] , which corresponds to the y-direction in this study. α-glycine is packed in bilayers, in which pairs of layers are bonded together and bilayers interact via weaker C-H· · · O interactions. The layers in β-glycine are packed as single layers, interacting via N-H· · · O hydrogen bonds, contrasting with the bilayer structure of α-glycine. γ-glycine, on the other hand, is trigonal and packs in helical chains around the three-fold screw axis that is parallel to the c-axis [34] , which corresponds to the z-direction in this study.
Due to the differences in the initial structures, different responses to the electric field is expected from the different polymorphs. Figure 7 shows the structures of the new polymorphs obtained when the electric field is initially applied on α-, β-, and γ-glycine crystals in the y-direction with a strength of 1.5 V/nm, the highest strength used in the study. From here onward, the new polymorphs are referred to by using codenames for convenience. The initial letter in the codename corresponds to the initial polymorph that was subjected to an e-field, where the second letter corresponds to the direction in which the e-field is applied, and the number following the letter corresponds to the strength of the e-field in V/nm. It can be observed in Figure 7 , just by visual inspection, that α-and γ-glycine has undergone a transformation into a similar structure (α-y1.5 and γ-y1.5), whereas β-glycine transformed into a different structure (β-y1.5) under the same conditions.
To evaluate the difference in the crystal structures of the polymorphs obtained from different initial structures, distributions of φ 1 and φ 2 were calculated for each new structure. The angle distributions of the polymorphs obtained when the e-field is applied in the x-and y-directions on the known polymorphs are given in Figure 8a ,b, respectively. The angle distributions show that when the e-field is applied in the x-direction, the initially α-and β-glycine crystals transform into the same structure, whereas γ-glycine transforms into a different structure, as the φ 1 distribution of γ-x1.5 is unimodal, whereas those of α-x1.5 and β-x1.5 are bimodal. This can be justified by the fact that α-and β-glycine have very similar molecular structures along the xz plane, and their difference results from the interlayer bonds that extend along the y-direction. On the other hand, when the e-field is applied in the y-direction, α-and γ-glycine transform into the same structure, where β-glycine transforms into a different polymorph. Increasing the intensity of the e-field in the y-direction, however, results in further transformation of β-glycine into the same polymorph as α-y1.5 and γ-y1.5, as shown in Figure 8b . This structure is observed when all molecules within the crystal are perfectly aligned with the e-field and the resulting < cos(θ) > is close to 1. Figure 7 . Snapshots of the crystal structures of α-, β-, and γ-glycine crystals before and after the e-field is applied in the y-direction with a strength of 1.5 V/nm. The snapshots are taken after the 125 ns long stability simulations started after the e-field is turned off. 
Effect of e-Field Strength and Direction
The time averages of < cos(θ) > values of molecules in initially α-, β-, and γ-glycine crystals are plotted against the e-field strengths in Figure 9 . It can clearly be seen that the alignment of the molecules with the e-field increases as the strength of the e-field increases. This is expected, since the increased strength of the e-field results in a bigger contribution to the Hamiltonian, enabling the system to overcome higher energy barriers that lead to new conformations with better alignment. This hypothesis is further supported by the fact that the alignment of the molecules in the resulting conformation does not change until a certain threshold in the intensity of the electric field is crossed. For instance, in Figure 9c , < cos(θ) > increases from zero to 0.25 with an intensity of 0.50 V/nm, then stays at that value for the intensities of 0.75, 1.00, and 1.25 V/nm. Only when the intensity is increased to 1.50 V/nm does the crystal take its new polymorphic form with complete alignment with the electric field. It is possible that the system is stuck at a new energy minimum between the intensities of 0.50-1.25 V/nm and manages to cross the barrier to another new conformation only when the intensity is 1.50 V/nm. One exception to the trend mentioned above is the peak that < cos(θ) > makes at V = 0.5 V/nm for the initially β-glycine crystal. It is possible that the strong e-fields (0.75 V/nm and above) force the molecules to rotate rapidly into a new, high-energy structure, where the crystal gets stuck at a new potential energy basin. On the other hand, lower-strength (V = 0.5 V/nm) e-fields are not strong enough to facilitate the transition into the same high-energy structure, but strong enough to initiate a slower transition into a different, lower-energy structure. The potential energies of β-y0.5 and β-y0.75 were calculated as −322.2 and −317.9 kJ/mol, respectively, which supports this idea. Another conclusion drawn from the parametric study is that the e-field has an anisotropic effect on the structural changes in the crystal. This can be explained by the anisotropic nature of the crystal caused by the number and strengths of the hydrogen bonds among the molecules varying along the three directions. A similar anisotropic effect was observed upon the application of an e-field onto the crystals of lead azide [21] and in the experimental study of Dawson et al. [35] , in which polymorphs of glycine were subjected to high pressure to observe the structural changes. Of the three directions, the highest < cos(θ) > was observed when the e-field was applied in the y-direction. Complete alignment was not observed in any of the runs in the x-direction, but some structural change due to the electric field was still observed in some cases. In the z-direction, however, no structural change was observed in any of the polymorphs with any of the strengths applied. The reason for this can be readily seen in Figure 9c for γ-glycine, since there is already a dipole moment in the z-direction and the e-field in z-direction does not exert any additional force that results in rotational movement of molecules. For α-and β-glycine, on the other hand, the layers that extend along the ac-plane sit parallel to the z-direction, so the dipole moments of the molecules are already aligned with the direction of the e-field. In the light of the aforementioned findings, it can be concluded that the initial structure of the crystal, as well as the strength and direction of the e-field, play an important role in the crystal structure of the new polymorph.
Analysis of the New Crystals
In this section, some properties of the new polymorphs are presented and compared to the known polymorphs of glycine. Table 2 shows selected properties of both the known polymorphs and the new ones obtained when the e-field is subjected in the y-direction with a strength of 1.5 V/nm. The properties were calculated from 125 ns long simulations at 1 bar and 298 K without the presence of the e-field. It was mentioned in the previous sections that α-y1.5, γ-y1.5, and β-y2.0 crystals were found to have very similar structures. Consistently, the results in Table 2 show that these two crystals have similar physical properties, supporting our previous conclusions. It can be observed that β-y1.5 has higher potential energy and enthalpy values compared to the known β-glycine structure. Although this is not a sufficient measure to make conclusions about the relative stability of the new polymorph, since the simulations are done at 298 K, it is still worth mentioning that this new polymorph is energetically less favorable than its precursor. However, α-y1.5, γ-y1.5, and β-y2.0 have energies that are comparable, if not slightly lower, compared to their precursors. This shows that the molecules are packed efficiently in this new structure with complete alignment, and no unrealistic bonds with high energy are present. Moreover, enthalpies of α-y1.5, β-y2.0, and γ-y1.5 were found to be comparable with each other, but significantly lower compared to the enthalpy of β-y1.5. The same trend can be observed when the density and specific volume values are examined. It is interesting to note that densities of the new α-y1.5, β-y2.0, and γ-y1.5 crystals are higher compared to the densities of α-and γ-glycine crystals, which shows that the molecules are more densely packed in this new crystal structure. The β-y1.5 crystal, on the other hand, has a much lower density, both compared to the initial β-glycine crystal and α-y1.5 and γ-y1.5 crystals.
Conclusions
It was shown via MD simulations that single solid-state α-, β-, and γ-glycine crystals subjected to high-intensity dc electric fields undergo solid-state transformation to form new crystal structures, provided that the strength of the e-field is high enough to overcome the energy barrier for the transition. Stability of the new polymorphs were evaluated by turning the e-field off and simulating the crystals for an additional 125 ns, which is 25 times longer than the duration of the e-field application. Unlike the nanocrystals reported in the study by Parks et al. [17] , the new polymorphs did not undergo any structural changes during the period after the e-field was switched off, which was attributed to the absence of high-energy surface molecules that lower the kinetic barrier for solid-state transformations significantly. A parametric study was conducted to observe the effects of strength and direction of the e-field, as well as the initial structure. The results showed that the direction of the e-field has an important influence on the resulting crystal structure. No transformation has been observed when the e-field was applied in the z-direction (along the c-axis of the crystals). Moreover, alignment of the dipole moments of molecules within the crystal with the direction of the e-field was found to increase as the strength of the e-field increases. Different crystal structures have been observed to respond differently to the e-field. However, studies with e-fields in the y-direction showed that all three initial polymorphs transformed into the same structure when the intensity of the e-field was high enough to achieve complete alignment of molecules with the e-field. Calculation of properties of the known and new polymorphs revealed that the new polymorphs that were identified to have the same structure also had similar physical properties. Our results showed that application of high-intensity dc electric fields on solid-state crystals can be an effective crystal structure control method to explore new crystal structures of known materials and to extend the range of physical properties which a material can have. 
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